We demonstrate experimentally that a part-per-million addition of Sn solutes in Al-Mg-Si alloys can inhibit natural aging and enhance artificial aging. The mechanism controlling the aging is argued to be vacancy diffusion, with solutes trapping vacancies at low temperature and releasing them at elevated temperature, which is supported by a thermodynamic model and first-principles computations of Sn-vacancy binding. This "diffusion on demand" solves the long-standing problem of detrimental natural aging in Al-Mg-Si alloys, which is of great scientific and industrial importance. Moreover, the mechanism of controlled buffering and release of excess vacancies is generally applicable to modulate diffusion in other metallic systems. DOI: 10.1103/PhysRevLett.112.225701 PACS numbers: 64.70.kd, 61.72.jd, 66.30.Lw, 81.40.Cd Al-Mg-Si alloys are the most widely used age-hardenable aluminium alloys, with industrial applications in lightweight construction, automotive, aircraft, and architecture [1] . The preferential heat treatment for hardening is artificial aging via baking at ∼430-460 K after quenching from ∼800 K. However, detrimental natural aging appears within minutes of room temperature (RT) storage after quenching [2, 3] , making it unavoidable since there are logistical, technological, and physical time constraints in commercial production. The effect retards artificial aging kinetics by an order of magnitude and reduces the achievable strength. Consequently, the material properties, scope of applications, and energy efficiency in the production of Al-Mg-Si alloys are impaired.
Al-Mg-Si alloys are the most widely used age-hardenable aluminium alloys, with industrial applications in lightweight construction, automotive, aircraft, and architecture [1] . The preferential heat treatment for hardening is artificial aging via baking at ∼430-460 K after quenching from ∼800 K. However, detrimental natural aging appears within minutes of room temperature (RT) storage after quenching [2, 3] , making it unavoidable since there are logistical, technological, and physical time constraints in commercial production. The effect retards artificial aging kinetics by an order of magnitude and reduces the achievable strength. Consequently, the material properties, scope of applications, and energy efficiency in the production of Al-Mg-Si alloys are impaired.
Discovered 75 years ago [4] , just one year after the origin of age hardening was explained [5, 6] , many researchers have addressed this problem since [3, [7] [8] [9] [10] [11] [12] . Nevertheless, the mechanisms of natural aging in Al-Mg-Si alloys and their competition with artificial aging processes remain unsolved. Excess vacancies formed upon quenching are essential for fast artificial aging [10, 12] by governing the precipitation of the hardening phase β" [13] . However, such vacancies also allow sufficient diffusion at low temperatures to cause natural aging. Thus, eliminating the negative effect of natural aging is achievable in principle by preventing excess vacancymediated diffusion at RT and facilitating such diffusion during elevated temperature artificial aging. Here, we demonstrate that such a diffusion on demand concept can be executed by adding trace amounts of solutes with sufficient solubility in the aluminum matrix and optimal binding energy to vacancies.
A strong binding of vacancies to solutes [14] has previously been used to explain sluggish natural aging FIG. 3 (color online). Evolution of hardness during artificial aging at 443 K with and without Sn addition for various periods of RT storage. Data generated from laboratory scaled samples without Sn addition and RT storage < 60 s are shown as a "bestcase" reference, where the maximum kinetics and hardening potential is achieved. This best-case scenario cannot be realized in a commercial process, where the material undergoes a significantly longer RT storage (see the commercial case in the figure; a similar curve is obtained for RT storages of 2 weeks). The negative effect of RT storage can be eliminated by minute additions of Sn, which enhance kinetics and hardness (red arrows). [27] . As the temperature of the alloy is quenched below T Q , further vacancy annihilation is not possible but re-partitioning of the vacancies among the untrapped and trapped solute-vacancy complexes is allowed because such trapping requires very limited vacancy transport. Any vacancy-mediated diffusional processes at temperature T are then controlled by the residual untrapped vacancy concentration c V ðTÞ, and so vacancy-mediated diffusion is retarded by a factor R ¼ c V ðT Q Þ=c V ðTÞ.
The thermodynamic model uses simple solution theory, which includes only the entropy due to mixing, and assumes low concentrations c V , c S ≪ 1. Rather than present the detailed model (see the Supplemental Material [18] for a full presentation), we show here a simplified model that is numerically accurate for Sn. The simplified model assumes that one S can bind only one V at a time with a binding energy ΔE SV , at one of the 12 NN sites of the S atom in the fcc lattice, and that the total quenched vacancy concentration is much smaller than the solute concentration, c
At any temperature T < T Q , the total concentration of V in the material is fixed at c tot V ðT Q Þ, i.e., c tot V ðT Q Þ ¼ c V ðTÞ þ 12c S c SV ðTÞ. Furthermore, the ratio of the trapped and untrapped V concentrations is governed by the Boltzmann factor, c SV ðTÞ=c V ðTÞ ¼ e ΔE SV =kT , where k is Boltzmann's constant. Combining the above two equations yields [14, 28] . For Sn, the calculated binding energies indicate that the V-S-V complexes are negligible but the S-V-V complexes are not (see [18] for the values).
Nonetheless, a full analysis shows that the net effect of the S-V-V complexes on trapping and on R is small, and that the second term in the denominator of Eq. (1) is negligible for all reasonable quenching temperatures (600 K < T Q < 800 K). Thus, over a range of temperatures, and for sufficient Sn concentrations, the retardation factor is approximately
which is conveniently independent of the effective quenching temperature and the quenched vacancy concentration c tot
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